The projections between the thalamus and primary visual cortex (V1) are a key reciprocal neural circuit, relaying retinal signals to cortical layers 4 & 6 while being simultaneously regulated by massive layer 6 corticothalamic feedback. Effectively dissecting the influence of this corticothalamic feedback circuit in higher mammals remains a challenge for vision research. By pharmacologically increasing the focal gain of visually driven layer 6 responses of cat V1 in a controlled fashion, we examined the effects of such focal cortical changes on the response amplitudes and spatial structure of the receptive fields (RFs) of individual dorsal lateral geniculate nucleus (dLGN) cells. We found that enhancing visually driven cortical feedback could facilitate or suppress the overall responses of dLGN cells, and such an effect was linked to the orientation preference of the cortical neuron. Related to these selective retinotopic gain changes, enhanced feedback induced the RFs of dLGN cells to expand, contract or shift their spatial focus. Our results provide further evidence for a functional mechanism through which the cortex can selectively gate visual information flow from the thalamus back to the visual cortex.
Introduction
A striking feature of complex sensory networks, like the visual system, is that the sum of afferent inputs from the sense organs are dwarfed by the recurrent connections between visual areas (Felleman and Van Essen 1991; Markov and Kennedy 2013) . A particularly prominent feedback pathway, the visual corticothalamic loop, connects layer 6 of primary visual cortex (V1) to the dorsal lateral geniculate nucleus (dLGN). Once considered a simple sensory relay nucleus (Weyand 2016) , over 90% of the inputs to the dLGN come not from the retina, but from other brain areas. The corticothalamic feedback comprise at least 60% of the mono-and di-synaptic inputs to the dLGN, compared with only 5-10% coming from the retina (Erişir et al. 1997; Van Horn et al. 2000; Budd 2004) . Although the underlying computations driven by re-entrant connections in the brain are still under debate (Pollen 1999; Lamme and Roelfsema 2000; Hillenbrand and Hemmen 2001; Hochstein and Ahissar 2002; Lee and Mumford 2003; Gilbert and Sigman 2007; Di Lollo 2011; Clark 2013; Muckli and Petro 2013) , the impact of corticothalamic feedback on relay cells has been gradually elaborated over the past decades (Casagrande et al. 2005; Sillito et al. 2006; Briggs and Usrey 2008; Sherman 2012) . Previous studies have shown that the response gain (Tsumoto et al. 1978; Gawne et al. 1996; Przybyszewski et al. 2000; Rivadulla et al. 2002; Waleszczyk et al. 2005; Olsen et al. 2012; Denman and Contreras 2015) , spatial structure (Marrocco and McClurkin 1985; Murphy and Sillito 1987; Jones et al. 2012; Andolina et al. 2013) , and temporal properties (McClurkin et al. 1994; Wörgötter et al. 1998; Andolina et al. 2007; Bastos et al. 2014; Ortuño et al. 2014 ) of relay cells are modulated by cortical inputs. Emerging evidence across species has also demonstrated that cognition and attention modulate information flow to the cortex, largely through regulating response gain (Portas et al. 1998; Ramcharan et al. 2000a; Nicolelis and Shuler 2001; O'Connor et al. 2002; Reppas et al. 2002; Wunderlich et al. 2005; McAlonan et al. 2006 McAlonan et al. , 2008 Saalmann and Kastner 2011; Jiang et al. 2015; Ling et al. 2015) . Because corticothalamic inputs drive both monosynaptic excitation and di-synaptic inhibition (Fig. 1A) , and due to the hypothesized computational benefits of gain control (Salinas and Thier 2000) , and known links to spatial attention (Saalmann and Kastner 2009) , delineating the focal balance of facilitation and suppression becomes critical. Early inactivation studies suggested corticothalamic feedback was facilitatory (Kalil and Chase 1970; Baker and Malpeli 1977) ; however, recent globally synchronous optogenetic stimulation targeting corticothalamic layer 6 cells in the mouse has shown mixed gain effects. Feedback can drive a generic suppressive gain control (Olsen et al. 2012; Bortone et al. 2014 ), yet can also drive both facilitation and suppression in visual (in vitro, Jurgens et al. 2012; in vivo, Denman and Contreras 2015) and somatosensory layer 6 corticothalamic pathways (Mease et al. 2014; Crandall et al. 2015) . Many of these studies have yet to spatially restrict their perturbations; and a question remains as to the focally specific features of the cortically driven feedback.
Converging evidence also suggests that restructuring the spatial structure of sensory receptive fields (RFs) in cortex and thalamus with feedback may serve a useful adaptive strategy (Wörgötter et al. 2002) . Reshaping the RFs of thalamic neurons via expansion has been shown in both primary somatosensory (Ergenzinger et al. 1998; Krupa et al. 1999; Ghazanfar et al. 2001) , and visual (Andolina et al. 2013 ) corticothalamic manipulations.
Such observations suggest that in the absence of corticothalamic feedback, the expansion of thalamic cell RFs might be associated with the loss of direct thalamic inhibition and/or alterations in modulatory inputs, enhancing retinal monosynaptic excitation. However, the question remains when using focal enhancement where the majority of the extensive corticothalamic inputs are unaffected, do focal cortical layer 6 inputs regulate (in addition to gain) the RF size and spatial foci of dLGN cells?
In this study we chose to focally manipulate layer 6 of cat V1 in a controlled fashion by iontophoretic application of a metabotropic GABA B receptor antagonist. We used multi-unit recording in the dLGN during quick forward-correlation RF mapping before, during and after V1 layer 6 drug application (Fig. 1) . We found that focally enhanced layer 6 feedback could facilitate or suppress the responses of dLGN cells, and this resulted in a subtle modulation of the spatial-filter properties of thalamic cells. Consistent with feedback effects linked to the cortical orientation selectivity of the parent cells (Murphy et al. 1999; Wang et al. 2006) , many dLGN gain changes were spatially located in a plane closely associated with the preference of the layer 6 parent cells. Thus, layer 6 corticothalamic feedback may specifically regulate the flow of feature-linked visual information from thalamus to cortex by adjusting the response gain, and the resultant spatial-filtering properties of dLGN relay cells.
Materials and Methods
The experiments were carried out on 15 anesthetized adult female cats. All procedures were in full accordance with European (86/ 609/EEC) legislations and British Home Office license requirements B A Figure 1 . Schematic of the corticothalamic projection and the experimental approach. (A) The arrangement of electrodes for simultaneous recordings in cat dLGN during focal activation of V1 layer 6. The dotted orange circles indicate the spatial divergence of individual feedback axon terminals. The inserted histogram top-right illustrates the mean visual responses of multi-unit activity (MUA) in layer 6 before, during and after CGP application. The grid middle-right represents the X-Y 2D mapping of both dLGN relay cells and layer 6 MUA by a random flashing probe. The box bottom-right illustrates known percentages of dLGN relay cell synaptic inputs from cortical layer 6 cells, the inhibitory interneurons within dLGN and overlying perigeniculate nucleus (PGN), and retina. (B) Surface plots (color maps) and superimposed spike density functions (±1 SE) of the OFF visual responses of a simultaneously recorded dLGN X-OFF cell and cortical layer 6 MUA before, during and after cortical focal application of CGP. and approved by the local ethical review committee at UCL's Institute of Ophthalmology.
Animal Preparation and Maintenance
The animal preparation and maintenance was the same as previous published (Wang et al. 2006; Andolina et al. 2007 Andolina et al. , 2013 . In short, the animals were anesthetized (70% N 2 O, 30% O 2 , and from 2% for surgery to 0.1-0.3% halothane for maintenance), paralysed (gallamine triethiodide; 10 mg•kg•h), and artificially ventilated so as to maintain end-tidal CO 2 levels at between 2.8% and 3.8%. Electrocardiogram waveform, inter-systolic interval, and the frequency of EEG spindles were monitored continuously, and the halothane was adjusted to maintain the anesthetic level. Wound margins were treated with subcutaneous procaine hydrochloride, and the ear bars were coated with antiseptic lignocaine hydrochloride gel. The pupils were dilated and paralysed with topical application of atropine methonitrate (2% wt/vol) and phenylephrine hydrochloride. The eyes were protected with gas permeable contact lenses, and brought to focus on a display screen at a distance of 57 cm, using supplementary lenses and 2 mm diameter artificial pupils. The locations of the blind spot and area centrales were located and plotted on a tangent screen using a reversible ophthalmoscope. Eyes were checked regularly for ocular clarity and any positional drift. To ensure maximal physiological stability for our recorded data we immediately halted data collection if there was any change in our monitored physiological parameters, paying particular attention to the EEG state (Wörgötter et al. 1998 ).
Retinotopic Alignment of Electrodes in dLGN and V1
To achieve maximal repeatability in locating the dLGN at particular stereotaxic coordinates given an angled penetration, we initially lined up electrodes on a physical stereotaxic model of feline dLGN that was constructed from the Sanderson maps (Sanderson 1971) . All dLGN penetrations were angled (16°off-vertical rostrocaudally) to minimize the damage to corticothalamic axons. In order to record relay cells from dLGN A and A1 laminae and cortical layer 6 of cat V1 with matched retinotopic coordinates, we firstly employed 2 single search tungsten-inglass electrodes, one inserted in dLGN and the other in layer 6 of cat V1. For V1, craniotomy and durotomy were performed at Horsley-Clarke coordinates P2-P6 and L0-L3. The goal of our 2 search electrodes was to find optimal entry points under which the distances were within several degrees between the RFs of dLGN and layer 6 cortical neurons.
Multi-electrode Array Recordings and Pharmacological Focal Manipulations
In order to dissect the effects of focal gain changes of V1 layer 6 on the 2D spatial structure and response amplitudes of dLGN relay cells within the short time window afforded by balanced iontophoresis, we simultaneously recorded dLGN relay cells and the multi-unit activity (MUA) of layer 6 before, during, and after focal drug application (Fig. 1A) . To enable multi-neuron recording in the dLGN, 3 glass-coated single tungsten electrodes (tip sizes 10-15 µm) were structured into triadic arrays. Using magnification and substantial manual dexterity, the tips were constructed so that they were some 300 μm apart, and designed to plane at the same level correcting for the 16°angle used for dLGN recordings. The tungsten electrodes were glasscoated (with an initial impedance of 2-5 MΩ at 1 KHz) for single-unit extracellular recording and the electrode tip was gold-platinum plated immediately prior to use (final impedance around 300 kΩ at 1 KHz). The layers A and A1 of dLGN were judged by their neurons' distinct ocular response preferences and RF properties. For iontophoretic drug application and simultaneous electrophysiological MUA recording in cortical layer 6, a micropipette array glued to a glass-coated single tungsten microelectrode (tip size 20-25 µm) was inserted perpendicularly to the cortical surface and advanced into the retinotopically corresponding location in layer 6 to focally change the gain of layer 6 visual responses. The total external tip diameter of our iontophoretic pipettes ranged from 7 to 12 μm and about 10-15 µm set back to the attached tungsten recording microelectrode for monitoring the cortical MUA activity of layer 6. For cortical layer 6, we started to hand map the visual responses when the electrode advanced to a depth of 800-1000 μm, where the neural responses exhibited clear response features of layer 4 (Hubel and Wiesel 1962) . After layer 4 was located, we advanced our electrode down to around 1600 μm and would experience a rather silent period in neural activities (inferred to layer 5) before we reached cortical layer 6 Sillito 1995a, 1995b; Murphy et al. 1999) . We also used the transition from layer 6 to the white matter for further confirmation. We chose to use a metabotropic GABA B receptor antagonist, CGP-55845 (CGP), to enhance the visually linked responses of cortical layer 6, as their function is modulatory and thus more easily controlled (Wang et al. 2006; Kohl and Paulsen 2010) . CGP (2.5 mM in 150 mM NaCl, ph 3.5) was iontophoretically applied (Neurophore, Medical System Corp) with ejection currents just high enough to focally enhance the visual responses of layer 6 MUAs in a reversible and controlled manner (Fig. 1A) . The very low application currents, normally ranging from +2 to +10 µA for each barrel, were adjusted accordingly to provoke a shift in the visual response magnitude without significantly altering background firing levels to the stimulus (7.5 spikes per second (sp/sec) ± 1.2SE vs. 9.4sp/sec ± 1.7 SE, P = 0.07 Wilcoxon signed rank, N = 52). The extent of focal CGP diffusion during iontophoresis was examined by a micropipette array constructed with 4 or 6 single tungsten microelectrodes with tip distance between neighboring microelectrodes ranging from 50 to 100 µm. We found the effect of CGP on cortical firing rates substantially reduced 50 µm away from the tip of the iontophoretic micropipette and was never observed at locations 100 µm away from the drug application site.
Visual Stimuli and Receptive Field Mapping
We first hand-mapped dLGN RF position using an overhead projector and the tangent screen of a plotting table using either white or black flashing spots of varying diameter. For cortical layer 6 multi units, we hand mapped both the edge of RF and the orientation preference of layer 6 MUA using either white or black slits varying in both length and width independently (Hubel and Wiesel 1962) . We then switched to computercontrolled stimulation. Visual stimuli were generated using the Cambridge Electronic Design VS system in conjunction with a Picasso Image Generator, presented on a Tektronix 608 at 240 Hz. ON and OFF responses were determined from the response phase to flashing spots. For each dLGN cell, a full field sinusoidal grating stimulus of reversing phase (0↔180°with 15°s tep in a randomized sequence, tested at optimal and cutoff SF) was employed as a standard Null test. Along with the RF information (including potential shift effect) and transient/ sustained firing response profile, the cell was classified as either X-or Y-type (Enroth-Cugell and Robson 1966; Hochstein and Shapley 1976; Derrington and Fuchs 1979) . Other stimulus
and reversing rate were fixed at 0.36 and 2.0 Hz, respectively. To minimize any long-term pharmacological network effects, the visual stimuli for RF mapping were required to quickly map discrete responses before, during, and after drug application. We thus used a small circular flashing full luminance probe (mean luminance 60 cd/m², size ranged from 0.3°to 1°, selected to be between 0.25 to 0.5 times the average optimal diameter) displaced over a 5 × 5 to 9 × 9 range of randomized interleaved X & Y Cartesian coordinates (Fig. 1) . The duration of the flash was set to 250 ms, which parallels fixation intervals during normal vision and allows both direct and indirect excitatory and inhibitory mechanisms time to integrate. This is in contrast to fast reverse correlation methods that stimulate the RF for one or a few milliseconds and tend to drive the feedforward inputs most strongly. For an dLGN pair or triplet, we normally positioned the flashing probe based on the RF centre of the dLGN cell which was closest to the RF of layer 6 MUA. We also used only the same sign response component for analysis (ON vs. OFF depending on the centre response sign). All tests were done with monocular visual stimulation of the cell's dominant eye.
Data Analysis
The visual responses were computed as spikes per second (sp/ sec) of the mean firing rate averaged over the full number of stimulus presentations at each retinotopic location when mapping dLGN cell RFs. Typically, we presented 2 stimulus cycles per trial with an average of 5 trials. Spike density functions were computed on the raw spikes with a 15 ms gaussian. Responses are presented along with the standard error of the mean (±1 SE) except where detailed otherwise. Typically, we took 2 control data sets before focal application of CGP in layer 6. Only those dLGN cells whose response magnitudes over the X & Y matrix of stimulus locations were significantly higher or lower during focal activation than control (paired 2-tailed t-test, P < 0.05) were regarded as changes of either facilitation or depression. Total receptive field area was measured by first linearly interpolating the Cartesian grid, and then counting only those quadrants whose firing rate exceeded spontaneous firing +2 standard deviations (SD), as described previously (Andolina et al. 2013) . To quantify the spatial focus shifts of dLGN RFs, we employed 2D-Gaussian fits (to the raw responses). Twodimensional Gaussians were modeled using the following empirical function:
R o is the spontaneous rate, R r firing rate, σ is the SD, and x o & y o are the X & Y cartesian positions; these parameters were optimized to provide the least mean squared error to the data using fmincon in the optimization toolbox of MATLAB. Gaussian fitting has been successfully applied to characterize the RF properties of dLGN relays cells across species (Norton et al. 1989; Cai et al. 1997; Kremers et al. 2001; Nolt et al. 2007; Alitto and Usrey 2008; Andolina et al. 2013) . The values of the RF centre positions in X & Y coordinates were thereafter derived from the optimal fits of each individual cell. Quality of fit was assessed using the mean fractional error (MFE) as described previously (Sceniak et al. 2001 ), and we excluded any cells whose individual fits were worse than 0.1 MFE. For statistical tests across multiple comparisons we always corrected Pvalues using the post hoc Bonferroni (t-test) or Tukey-Kramer (ANOVA) methods unless otherwise stated. We used fitglm from the statistics and machine learning toolbox in MATLAB using a Poisson distribution/log link function for the regression curve. All errors are standard errors of the mean (SE) unless otherwise specified.
Reconstruction of Recording Sites
Electrolytic lesions (3-5 μA for 3-5 s, electrode negative) were marked at key recording sites in the end of each electrode penetration, so that the location of recordings in both cortex and dLGN could be accurately identified in the subsequent histological verification (Grieve and Sillito 1995b; Murphy and Sillito 1996; Murphy et al. 1999) . At the conclusion of the experiment, animals were overdosed with pentobarbital sodium, exsanguinated with phosphate-buffered saline (PBS), and perfused with paraformaldehyde followed by sucrose in PBS. Frozen sections were cut at around 50-60 µm and stained with neutral red solution.
Results
The visual responses of individual cells to a small circular luminance probe flashing randomly over a grid ranging from 5×5 to 9×9 positions in visual space (X & Y Cartesian coordinates), were quantitatively measured for 82 cells within dLGN A and A1 laminae in 15 adult female cats before, during and after the visual activities of cortical layer 6 cells were enhanced by focal application of CGP. All the dLGN cells documented here had RFs within 0.5-5°of the area centralis. Among the 82 cells, there were a total of 20 pairs and 5 triplets recorded simultaneously, these act as controls for any global state changes not driven by the cortical manipulation. Our dLGN sample comprised 69 X-cells, 12 Y-cells, and 1 inconclusively categorized cell. The population included 52 ON-centre and 30 OFF-centre cells. The MUAs of cortical layer 6 neurons were simultaneously recorded before, during, and after the focal CGP application (Fig. 1 ).
Facilitation and Depression of dLGN Responses
Although a small flashing spot probe is an excellent stimulus for mapping dLGN relay cell responses (Andolina et al. 2013) , it is not optimal for driving cortical layer 6 cells of cat V1 that prefer oriented, moving stimuli Sillito 1995a, 1995b) . Nevertheless, the small luminance probe used here did elicit measurable responses in the layer 6 MUA under control conditions. This visually driven response increased markedly following focal GABA B receptor blockade, as illustrated in Figure 1B . The mean visual responses of the layer 6 MUA during focal CGP application in the 52 parent sites were significantly higher than that of the control condition (14.1 ± 1.9 sp/sec vs. 9.7 ± 1.3 sp/ sec, P = 0.0016 paired t-test; the inserted histogram in Fig. 1A ). The layer 6 MUA returned to the control level with an average firing rate of 8.5 sp/sec after stopping the drug application, not significantly different from the control condition (paired t-test, P = 0.96).
The example records in Figures 1B, 2, 3 and 4 illustrate the primary observations. Figures 2A, 3A and 4A (each from a different animal) are the retinotopic locations of simultaneously recorded layer 6 MUA and dLGN cells. The visual activity of layer 6 MUA were significantly enhanced during focal CGP application in all 3 cases when compared with before/after conditions (Figs. 2B, 3B and 4B). The dLGN RF surface map plots superimposed with raw spike density functions of each stimulus locations are shown in Figures 2C, 3C and 4C. For example, the dLGN cell pair recorded simultaneously in Figure 2C exhibited significant depressive (cell 1, P < 0.05 paired t-test) and facilitatory (cell 2, P < 0.05 paired t-test) effects due to cortical enhancement. In an example of a simultaneously recorded triplet shown in Figure 3C , the visual responses of one Y ONcentre cell significantly increased (cell 2, paired t-test, P < 0.03) and the other 2 cells (cell 1, X ON-centre; cell 3, Y OFF-centre) were depressed (paired t-test, P < 0.001 for both cells). Cells 2 and 3 of the triplet were ON-and OFF-centre cells and the RFs of both cells overlapped the visual response field of layer 6 MUA. Note that these 2 simultaneously recorded dLGN Y-cells with opposite phases exhibited opposite direction of response magnitude changes resulting from the same enhanced focal layer 6 inputs. In a further example pair of dLGN cells with the same response phase presented in Figure 4C , both X-cells showed significantly decreased visual responses (30.3 > 16.3 sp/ sec for cell 1 and 61.3 > 25.3 sp/sec for cell 2) during cortical layer 6 focal activation. Across the population we only included those dLGN cells whose responses were significantly changed (paired t-test, P < 0.05) during the focal enhancement of their corresponding cortical layer 6 activities. Using this criterion we found 61% cells (50 out of 82) showed significant changes in their visual responses-either increases (44%, 22 out of 50, red circles in Fig. 5A ) or decreases (56%, 28 out of 50, blue circles in The excitatory or suppressive corticothalamic feedback effects might depend on the retinotopic RF distance between dLGN and the cortical layer 6 neurons. Our previous work focused on cells with precise spatial overlap with the cortical subzones of the same or opposite response sign and a single optimal stimulus (Wang et al. 2006) . In this study, we wished to examine response gain changes of RF spatial maps over a greater range of receptive field separations between cortex and dLGN. An early study reported that corticothalamic excitation was most often seen when the retinotopic separation of dLGN cells and their parent layer 6 cells was within 2.3°, and inhibition was often seen when both cells were further apart (up to 3.1°, although there was clear overlap in the distribution of these groups, see Fig. 4A in Tsumoto et al. 1978 ). In our study, both excitatory and inhibitory effects are clearly observed with simultaneously recorded dLGN cells (Figs. 2, 3 and 4) . Across the population many of our dLGN cells lay outside the RF of the simultaneously recorded cortical parent cells. There was no statistical difference in the distributions of the response increase and decrease groups (P = 0.97; 2-sample KolmogorovSmirnov test), nor any clear correlation (Spearman rank correlation) with RF centre separation for any of the 3 groups (Fig. 5B) . The RFs of dLGN cells in our study (the mean separation: 1.66 ± 0.64°) were on average closer to the RF of cortical layer 6 MUA than the population in Tsumoto et al. (1978) . Within 3°separation, the distribution of increases and decreases was not clearly different to Tsumoto et al. (1978) . Figure 5C plots the mean responses of increase and decrease subgroups before, during, and after layer 6 drug application. For the response increase subgroup, the change from the mean control response (27.2 ± 13.7 sp/sec) ranged from 128% to 400%, with a mean increase of 180.1 ± 45.8% above control and recovery values (P = 0.0005; Tukey-Kramer post hoc adjusted 1-way ANOVA). The response decrease subgroup exhibited changes ranging from 10% to 78% when normalized to their control responses (mean control response: 40.8 ± 19.4 sp/sec; P = 9.6×10 −6
, Tukey-Kramer adjusted 1-way ANOVA) with an average decrease of 47.8 ± 18.7%. In both groups, there was no significant difference between the before and after values (P > 0.05, TukeyKramer adjusted 1-way ANOVA). The mean response magnitude change for unaffected cells was 101.3 ± 22.6% (mean responses for control and drug: 31.9 ± 12.8 sp/sec and 32.3 ± 12.5 sp/sec; P = 0.36, Tukey-Kramer adjusted 1-way ANOVA). Because of the retinotopically organized anisotropies of the corticothalamic projections, we adopted the classification of Murphy et al. (1999) , and grouped the dLGN cells across 4 quadrants lying at an oblique (22.5°↔45°and 45°↔67.5°), parallel (0°± 22.5°), or orthogonal (90°± 22.5°) to the orientation of layer 6 MUA (Fig. 5D , inset on the left). We observed a systematic trend for the response magnitude change cells, showing a significant non-random distribution towards parallel (dark green) or orthogonal (brown) locations relative to the preferred orientation of the cortical layer 6 MUA (P = 0.0016; Fischer's exact test; Fig. 5D ). In summary, these results, particularly the simultaneous recordings, clearly illustrate that the focally enhanced visual activities in cortical layer 6 can induce both facilitation and depression amongst a cluster of nearby dLGN relay cells, and although there was no clear relationship to relative RF separations between cortex and dLGN, there was to the orientation of the layer 6 location.
Changes of dLGN RF Size Via Contraction and Expansion
Accompanying the response magnitude changes in the 2-D RF mapping, we observed a number of dLGN cells whose RFs enlarged or shrunk during CGP application (Figs. 1B, 2C, 3C and 4C). For example, the representative dLGN cell in 1B showing both significant response increases and RF enlargement, whereas the RF sizes of the other example cells with decreased response magnitudes exhibited shrinkages (Figs. 2C, 3C , and 4C). To quantitatively measure the RF size of dLGN cells across the population we used the same method as previously reported (Andolina et al. 2013 ). In short, using linear interpolation of the Cartesian grid any visual response above spontaneous +2 SD was taken as valid responses to a randomly flashing spot probe described above. Figure 6A illustrates the results of this response-area measurement for the RFs of the dLGN cell in Figure 1B and the dLGN cell 1 in Figure 2C before, during, and after the focal activation of layer 6. We computed the size of the response area for all 82 dLGN cells. The average RF size of all dLGN cells in control condition was 1.29 ± 1.0 deg² (with a range of 0.13 to 8.1 deg 2 ). Of note, 65 out of 82 dLGN cells had 2 sets of control data taken before the focal activation of layer 6. Therefore, we were able to examine the variation between the 2 controls for the same dLGN cell by computing the RF size ratio (control 2 ÷ control 1). The mean size ratio of these 65 cells was 1 ± 0.094 (SD). We then defined 2 SD (0.19) of the ratio as our empirical criterion. If the RF size ratio between the control and the focal CGP application in layer 6 (drug / control 1) was either above 1.19 or below 0.81, then the dLGN cell was classified as expanded or contracted due to focal layer 6 activation, with values in between indicating no change. Using this criterion, the RF size of the dLGN cell in Figure 1B showed significant expansion (from 1.10 to 1.44 deg² with a ratio of 1.31; the top row in Fig. 6A ). In contrast, the RF size of cell 1 in Figure 2C decreased from 1.09 to 0.69 deg² with a ratio of 0.64 (the bottom row in Fig. 6A ). We also computed the average RF size of the dLGN cells with the recovery, which was 1.43 ± 1.04 deg² (with a range of 0.19-8.08 deg²), showing no statistical difference from their corresponding control conditions (paired t-test, P = 0.95, N = 58). The size ratio between control and recovery was between 0.81 and 1.19, further confirming the validity of our criterion value. Across the population (Fig. 6B) , we found 21.9% (18 out of 82, blue circles) dLGN cells which had decreased RF sizes (down to 64% on average, from 0.93 ± 0.13 deg² in control to 0.57 ± 0.08 deg² during cortical layer 6 activation). In contrast, only 8.5% (7/82, red circles) cells exhibited RF expansion with a mean of 136.5% (from 0.79 ± 0.32 deg² in control to 1.03 ± 0.39 deg² during layer 6 activation). The remaining 69.5% (57/82, black circles) cells did not change RF sizes (from 1.457 ± 1.14 deg² in control to 1.459 ± 1.15 deg² during layer 6 activation). The dLGN cells with significant RF size changes mainly clustered in the area with small RF sizes (Fig. 6B) . The average RF sizes for the changed and unchanged groups were 0.89 ± 0.37 deg² and 1.46 ± 1.14 deg², which was statistically different (non-paired t-test, P < 0.05). This result suggests that larger size RFs of dLGN cells were less affected by focal cortical layer 6 feedback inputs, or at least not sensitive at the threshold we defined. Furthermore, we observed that the RF size contraction was often accompanied by visual response decreases whereas the RF size expansion followed the facilitation of the visual response. To quantify this observation we plotted the changes in visual response magnitudes against the changes in the RF sizes across the whole population and a generalized linear model regression of these 2 effects was highly significant (log link function, P = 3 × 10 −4
; Fig. 6C ). This positive relationship is highly suggestive of an iceberg effect (see examples in Figs. 1, 2, 3, and 4), which might be associated with the net balance or the rescaling of excitation and inhibition induced by layer 6 focal corticothalamic inputs. Based on our empirical criterion for the grouping of dLGN cells, there were 3 cells whose RF size contracted but whose visual response magnitudes did not show statistical changes (Fig. 6C , indicated by the circle). In contrast, 28 dLGN cells showed corticothalamic induced facilitation (N = 15) or depression (N = 13) but did not change RF size significantly (Fig. 6C , see example cells in the bottom rows of Figs. 2C and 3C ). Finally, we grouped cells with either expanded or contracted receptive fields by their facilitatory or depressive responses; the percentage of each group was 31.8% (7/22) that showed RF expansion, and 53.6% (15/28) showed RF contraction, respectively.
Spatial Focus Shifts of dLGN Cells
We noticed that the spatial focus of some dLGN cells (see examples in Figs. 1B, 2C, 3C and 4C) shifted during activation of the cortical feedback. In order to evaluate the extent of these spatial-focus shifts, we examined the RF centre position of all 82 dLGN cells. Although some dLGN cells exhibited noncircular RF shapes (for example, OFF cells), the 2D-Gaussian function correctly estimated the overall RF centre of gravity for most dLGN cells. We excluded any cells whose individual fits were higher than 0.1 MFE. The resulting goodness of fit was 91.5% ± 0.54 and the MFE was 0.038 ± 0.002 across the population. Figure 7A presents example results of the 2D-Gaussian fits for the dLGN cell pair presented in Figure 4C . The spatial focus of cell 1 shifted mostly along the ordinate while the other mainly shifted along the abscissa. We obtained the fitted X and Y positions for 64 dLGN cells that had 2 controls and computed the RF centre differences between the 2 control conditions (by subtraction). The MFE for control 1 and control 2 was not significantly different (0.04 ± 0.005 vs. 0.038 ± 0.006, P = 0.37 Wilcoxon signed rank, N = 64), indicating consistent fits. The distribution of X & Y positions between control 1 and control 2 fits are plotted in Figure 7B (black dots, N = 64). During CGP application, the fitted X & Y positions of several cells showed larger positional shifts (Fig. 7B, red dots N = 78) . In the control versus after group the distribution of X & Y differences were in the same range as the control 1 versus control 2 group (Fig. 7B,  gray dots) . We also computed the absolute spatial vector differences between RF centres for the control 1 versus 2, control versus CGP and control versus after groups (Fig. 7C ). Across population, the average spatial-focus shift for control 1 versus 2 (RF centre-to-centre distance) was 0.068°± 0.039 SD. By contrast, the average spatial-focus shift between control versus CGP application was 0.11°± 0.066 SD, which was significantly above the control 1 versus 2 group (Tukey-Kramer post hoc corrected one-way ANOVA, P = 5.8 × 10 −6 ), and the control versus after group (Tukey-Kramer post hoc corrected one-way ANOVA, P = 0.007). There was no significant difference between control 1 versus 2 and control versus after groups (TukeyKramer post hoc corrected one-way ANOVA, P = 0.31). The average spatial-focus shift for the recovery was 0.08°± 0.036 SD. As many dLGN cells did not exhibit significant spatialfocus shifts (see examples in Figs. 2C, 3C , and 4C), we examined the proportion of dLGN cells whose spatial foci were clearly shifted by the enhanced focal cortical inputs. We grouped all dLGN cells based on 2, 4, 6, and 8 times the SD of the spatialfocus shift between control 1 versus 2 conditions (Fig. 7D ). As expected, most cells (including all control and the recovery conditions) were clustered together and located below 4×SD of their spatial focus shifts. However, about 21% (17/78) cells separated completely from both controls and the recovery. We only regarded this subgroup of dLGN cells as showing clear changes of their RF centre resulting from enhanced layer 6 focal cortical inputs. For this subgroup of dLGN cells, we further examined the correlation between the visual responses and the RF spatial focuses. Unlike dLGN cells whose RF size changes were positively correlated with significant changes of their visual responses (Fig. 6C) , we observed that 53% (9/17) showed the positional shifts even without net changes in the response amplitude based on the above statistical criterion. As there were not enough Y-cells in our sample no cell type difference could be derived. We also tried to see if the shifted cells had any particular link to the parent cortical receptive field (separation, position, orientation etc.), but no clear relationship was observed.
Discussion
Focal Activation of Layer 6 Corticothalamic Inputs
One abiding challenge for systems neuroscience concerns how to dissect the precise functional role of massive feedback projections (Shou 2010; Briggs and Usrey 2011; Markov and Kennedy 2013) , particularly the contribution from a single or few feedback cells at high temporal resolution. Most studies rely on classical methods of electrical and pharmacological manipulations of corticothalamic inputs (Sillito and Jones 2002; Suga and Ma 2003; Briggs and Usrey 2008) . Recent advances in transgenic and optogenetic technologies, which enable manipulations of specific types of genetically defined neurons and circuits at the millisecond timescale, offers great promise to achieve this goal. By virtue of selective expression of opsins within a subpopulation of layer 6 pyramidal cells, recent studies using optogenetics have shown both facilitative and suppressive effects in mouse corticothalamic circuits (Olsen et al. 2012; Bortone et al. 2014; Mease et al. 2014; Denman and Contreras 2015) . It currently remains unknown what visuotopically focal optogenetic perturbations of layer 6 may reveal, nor whether the specificity of the gain effects are affected by the size of stimulus used (Jones et al. 2012) . Although these novel methodologies hold great promise for future investigation of the neural circuitry in higher animal models of vision and cognition (Jazayeri et al. 2012; Huang et al. 2014; Afraz et al. 2015; Dai et al. 2015; Yazdan-Shahmorad et al. 2016) , there are still ongoing technical limitations and challenges (Roe et al. 2015) . The subtle focal pharmacological manipulation of corticothalamic feedback (Temereanca and Simons 2004; Wang et al. 2006 ; Jones et al. 2012) , although lacking temporal resolution and cell-type specificity, remains a valuable method to dissect functional roles of layer 6 feedback in a spatially restricted fashion.
Concerting Excitatory and Inhibitory Inputs to Thalamic Cells
The excitatory and inhibitory influences of the corticothalamic inputs are achieved directly via synapses involving ionotropic and metabotropic receptors and indirectly via an input both to intrinsic inhibitory interneurons and inhibitory interneurons in the overlying perigeniculate nucleus (PGN) (Ramcharan et al. 2000b; Rivadulla et al. 2002; Sherman and Guillery 2002; Augustinaite et al. 2011) . As illustrated in Figure 1A , an individual corticothalamic axon could innervate an area of the dLGN extending significantly beyond its own location in retinotopic space. Furthermore, the corticothalamic projection comprises axons of several diameters and conduction velocities, innervating PGN and dLGN with both coarse and fine axons (Robson 1983; Boyapati and Henry 1984; Murphy and Sillito 1996; Murphy et al. 1999) . Similarly, latency estimates of the conduction velocity support 2 groups of corticothalamic afferents projecting to feline dLGN and PGN, one faster and the other slower (Tsumoto et al. 1978; Tsumoto and Suda 1980; Boyapati and Henry 1987; Grieve and Sillito 1995b) . It is now well established in primates that there is also substantial functional and spatial specificity in the corticothalamic projection (Briggs and Usrey 2011; Ichida et al. 2014) , with Briggs et al. (2016) recently showing at least 3 or more morphologically independent feedback pathways. The thalamo-cortico-reticular pathway is also organized topographically Lam and Sherman 2011) , which adds further complexities for information processing within thalamo-cortico-thalamic circuits. In layer 6 both the simple and complex cells projecting to the dLGN tend to be strongly directional sensitive (Grieve and Sillito 1995b) , and it has been observed that direction-selective cells exhibit a spatial asymmetry in the synaptic connections associated with their RF properties (Fu et al. 2004 ). An asynchronous pairing stimulus in RF mapping could induce rapid modifications of the asymmetrical intracortical connections and cause the RFs shifts of cortical neurons (Fu et al. 2002) , suggesting a mechanism for RF position shifts within V1. Feedback from higher cortical areas to V1 in the cat has also been shown to modify the functional representation of orientation (Liang et al. 2007 ); therefore, higher-level feedback modulating both direction and orientation could then cascade back to the thalamus. Using similar reversible pharmacological enhancement of layer 6 activities within a single whisker-related cortical column in rodent, a previous study has demonstrated that corticothalamic inputs can selectively regulate thalamic spatial response tuning by engaging topographically specific excitatory and inhibitory mechanisms in the thalamus (Temereanca and Simons 2004) . Although our findings may appear superficially at odds with the Mexican-hat model of Tsumoto et al. (1978) , as discussed in our results their distributions of inhibitory and excitatory effects broadly overlap within 3°, which is similar to our current findings. We have nevertheless previously found in the primate that when both RF centre and surround are costimulated (an area summation protocol), feedback from layer 6 does appear to follow a Mexican hat, with a facilitatory bias to centre and an inhibitory surround (Jones et al. 2012) . We suspect that spatial structure differences (discrete vs. co-extensive stimulation) account for these contrasting patterns of spatial effects. The consequences of the rescaling excitatory and inhibitory mechanisms in thalamus indicates that cortical layer 6 feedback will not only adjust the burst/tonic firing ratio of dLGN cells (Wang et al. 2006; Jehee and Ballard 2009; Ortuño et al. 2014 ) but could also alter their spatial-filtering properties. The question remains as to how these excitatory and inhibitory influences can restructure the spatial properties of some dLGN cells but not others, which our experiments were unable to identify. We think this is due to variation in the position of the iontophoretic electrode relative to the retinotopic locations of dLGN cells, and a lack of cell type specificity. Such issues will be best resolved by future improvements in optogenetic techniques in higher mammals. It is important to remember that the general aim in pharmacological manipulations is to minimize the time to collect a complete control-drug-recovery cycle, and therefore the experimenter is limited in the detailed sensory tests they can perform. In our case, mapping the spatial structure of the dLGN required using a stimulus that was not optimal for the layer 6 cells. We think that using a stimulus that more fully engages the cortical response preferences in future studies will reveal even greater feature-tuned corticothalamic effects.
Feedback, Predictive Codes, and Selective Attention
Modeling of our previous work argues that corticothalamic feedback can be understood in terms of efficient predictive coding (PC) models of neural function (Jehee and Ballard 2009; Ballard and Jehee 2012; Zabbah et al. 2014) . Proponents of PC postulate that feedback pathways convey sensory predictions (subtracted from incoming sensory signals to generate error signals), as well as "precision" that conveys attentional bias (Shipp et al. 2013; Kanai et al. 2015) . A state of selective attention may engage a general enhancement of response gain in cortical feedback layers, as seen for example during top-down modulation of V1 (Buffalo et al. 2010; Poort et al. 2012; Briggs et al. 2013) . Such findings are consistent with previous results that the enlargement of thalamic RFs occurs during global corticothalamic feedback deactivation or elimination (Ergenzinger et al. 1998; Krupa et al. 1999; Ghazanfar et al. 2001; Andolina et al. 2013) . Activity in the thalamus can be markedly modulated by behaviorally relevant tasks across different species (Nicolelis and Shuler 2001; Ramcharan et al. 2001; Reppas et al. 2002) . Attentional modulations of thalamocortical circuitry include enhanced responses of both magno-and parvo-cellular relay neurons of primate dLGN, concomitant to decreased neuronal responses in the thalamic reticular nucleus (McAlonan et al. 2006 (McAlonan et al. , 2008 , augmented burst firing to signal novelty (Ortuño et al. 2014) , and enhanced synaptic efficacy of thalamic drive within cortex (Briggs et al. 2013) . In human, the thalamus plays a specific role in mediating the interaction of attention and arousal (Portas et al. 1998) , and facilitates stimulus selection (O'Connor et al. 2002) . Overall, regulation of thalamic activity may rely on cognitive demands and expectations that filter incoming sensory information (Saalmann and Kastner 2015) . Critically evaluating the roles of predictive models and attentional selection will require further studies carefully paramatising expectation and attention in behaving subjects (Summerfield and de Lange 2014; Kogo and Trengove 2015) . Another possible factor that would cause gain and spatial shifts would be saccadic-driven response modulation. Saccadic modulation can drive both suppressive and facilitatory interactions in dLGN of cats and monkeys (Lee and Malpeli 1998; Ramcharan et al. 2001; Reppas et al. 2002) , as well as V1 (McFarland et al. 2015) . The substantial effects seen in V1 are presumed to be inherited from the dLGN (McFarland et al. 2015) , and effects in the dLGN are assumed to come from areas other than V1 in the cat (Singer and Bedworth 1974; Fischer et al. 1998) . It therefore seems unlikely the V1 pathway drives saccadic modulation of dLGN.
Concluding Remarks
Together, our findings suggest that the cortico-thalamo-cortical circuit can selectively adjust response gain and spatial-filtering properties of thalamic cells by combining both excitatory and inhibitory inputs to specific dLGN cells, that in turn provide the retinotopically appropriate input to cortex. This "top-down" processing exhibits the ability to adjust or "improve" its own inputs through influencing or reshaping thalamic responses. Cognitive modulation of thalamic responses are currently thought to engage early and late processing stages. Current methods and approaches are not able to reveal information processing at different time windows in thalamus due to the lack of high temporal resolution and cell-type specificity. Future studies aimed at understanding the corticothalamic feedback should utilize experiments with alert animals, combining advanced optogenetic/pharmacological approaches to focally (Zhang et al. 2014; Roy et al. 2016 ) manipulate specific types of layer 6 neurons and circuits while performing behaviorally relevant tasks. 
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